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ABSTRACT
We have designed a novel transcriptome subtraction
method for the genome-scale analysis of differential
gene expression in highly complex eukaryotes, in
which suppression subtractive hybridization (SSH)
is performed first to enrich the target and, after
exchange of adapters, negative subtraction chain
(NSC) is then used to eliminate the remaining back-
ground. NSC evolved from differential subtraction
chain (DSC). We designed novel adapters which
make the subtraction system more robust. SSH
and NSC were then combined to successfully detect
differentially expressed genes in Solanum. The com-
bined technique improves qualitatively upon SSH,
the only commercially available transcriptome sub-
traction system, by detecting target genes in the
middle abundance class, to which most differentially
expressed genes in highly complex eukaryotes
are expected to belong. The main advantage of the
combined technique with SSH/NSC is its ability to
isolate differentially expressed genes quickly and
cost-efficiently from non-standard models, for those
microarrays are unavailable.
INTRODUCTION
There are a few strategies available for the analysis of dif-
ferential gene expression on a whole genome scale, but all of
them with intrinsic disadvantages. Differential display (1) is
suitable only for less complex genomes. Microarray tech-
niques (2) are expensive and with limited use only for stand-
ardized models. Much time is required to set up a gene
expression proﬁle for an eukaryote with serial analysis of
gene expression (SAGE) (3). Transcriptome subtraction prom-
ises,atleasttheoretically,tobeafastandcheap waytoanalyze
differential gene expression, also of non-standard models, on a
whole genome scale.
There are two methods frequently used for transcriptome
subtraction: representation differential analysis (RDA) (4) and
suppression subtractive hybidization (SSH) (5). RDA requires
very intensive hands-on work and is susceptible to contam-
ination. SSH enriches target sequences dramatically, but only
one step of subtraction is possible, resulting in an increase of
background sequences in the ﬁnal product, as the genome
complexity increases. For example, when two eukaryotic gen-
omes are compared with SSH, the background sequences in
the ﬁnal SSH-product often get so numerous that the target
sequences are totally masked. Another patented system called
differential subtraction chain (DSC) (6), whose authors stated
it is robust and easy to use, was not reproducible in our hands.
In this study, we show that DSC might have some weakness
because of its adapters. We re-designed the adapters to make
the subtraction system more robust and developed an
improved technique called negative subtraction chain (NSC).
The sensitivity of NSC is expected to be limited, because low
abundance sequences might be degraded during the sub-
traction by mung bean nuclease, whose activity is essential
for the function of this assay. NSC was therefore combined
with SSH to detect differentially expressed genes in highly
complex eukaryotes. With its higher sensitivity, the combined
technique shows a signiﬁcantly improved resolution compared
with SSH alone, the only commercially available method for
transcriptome subtraction.
MATERIALS AND METHODS
Applying DSC and NSC
We attempted to repeat a DSC experiment, in which a
Lambda-fragment attached to a tester-adapter was reported
to be completely subtracted by the same fragment equipped
with a driver-adapter. Lambda DNA was cut with HindIII and
the 564 bp fragment was ligated to adapters with sequences as
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driver-adapter was then removed with HindIII. Five nanogram
tester and 500 ng driver were co-puriﬁed in 32 ml3 · EE buffer
and covered with oil. Eight ml of 5 M NaCl was added after
denaturation of the DNA at 100 C for 5 min, followed by a
hybridization step at 67 C for 23 h. The DNA was then puri-
ﬁed and treated with 10 U of mung bean nuclease at 30 C for
30 min in a total volume of 50 ml, before an aliquot was taken
to monitor the subtraction efﬁciency by PCR (95 C for 1 min,
then 35 cycles of 95 C for 15 s and 68 C for 3 min). The
remaining DNA was puriﬁed for the next hybridization step.
The hybridization and the treatment with mung bean nuclease
were repeated for another two rounds.
NSC and DSC were performed in parallel. The procedure of
NSC is the same as described for DSC, except that novel
adapters/primers were applied, and the driver-adapter was
not removed before the hybridization. The sequences of
adapters/primers applied are listed below, with complement-
ary sequences underlined and the common sequences between
NSC adapters shown in bold.
The tester-adapter/primer for DSC: 50-(d)AGCACTCTC-
CAGCCTCTCACCGCA-30/50-(d)AGCTTGCGGTGA-30
The driver-adapter/primer for DSC: 50-(d)ACCGACGTC-
GACTATCCATGAACA-30/50-(d)AGCTTGTTCATG-30
The tester-adapter for NSC: 50-(d)CAGTCAGAGAG-
CTCTCACA-30/50-(d)AGCTTGTGAGAG-30
The driver-adapter for NSC: 50-(d)GACACTCTCAC-
CTCTCACA-30/50-(d)AGCTTGTGAGAG-30
The tester-primer for NSC: 50-(d)CAGTCAGA-
GAGCTCTCACAAGCT-30
The driver-primer for NSC: 50-(d)GACACTCTCAC-
CTCTCACAAGCT-30.
To check their reproducibility, the application of DSC and
NSC on the lambda fragment was repeated two more times. To
check the robustness of these systems, we applied them also on
other targets, including the 603 bp fragment from PhiX17
DNA/HaeIII marker and a 244 bp fragment from an
E.coli gene (which was also used to make artiﬁcial testers
as described below). The adapters/primers applied were
slightly modiﬁed to contain a suitable restriction site on the
ligation end.
Detection of differentially expressed genes
in Solanum using SSH/NSC
Leaves were harvested from one month-old potato plants.
RNA was isolated as described by Chomczynski and Sacchi
(7) and mRNA puriﬁed with oligo (dT)-cellulose (USB Corp.)
according to the instructions of the manufacturer. CDNAs
were synthesized using the template switch technique
(Smart
TM PCR cDNA synthesis kit; Clontech). For the tran-
scriptome subtraction, the target was ﬁrst enriched by SSH,
and after exchange of the adapters, the remaining background
was eliminated by NSC. Since cDNAs digested with Mbo1
were used for the further subtraction with NSC, all adapters/
primers applied were slightly modiﬁed to contain a restriction
site for Mbo1 on the ligation end.
Two SSH assays, referred as SSH1/2 and SSH2/2, were ﬁrst
performed until the ﬁrst PCR step as described (Clontech,
PCR-Select cDNA Subtraction Kit). SSH1/2 used cDNA of
plant1astesterandthatofplant2asdriver.SSH2/2usedcDNA
of plant 2 as tester and driver. A 20 ml SSH1/2 product was
then digested with Mbo1 to remove its adapter, puriﬁed and
dissolved again in 20 mlo fH 2O, of which 5 ml were used for
the ligation to 100 pmol of the tester-adapter for NSC in a total
volumeof20ml.A4mlsampleofthisligatedproductwasused
as a template for the synthesis of NSC tester in a 25 ml PCR
reaction. The same PCR proﬁle as that for the second PCR of
SSH was applied, with a pre-incubation step at 72 C for 5 min
added. This high temperature denatures the double strand
of the adapters and therefore separates the unligated oligo-
nucleotides from the ligated structure. Recombinant Taq poly-
merase (Invitrogen) was added 2 min after the beginning of
the incubation to ﬁll in the sticky ends of the adapters. NSC
driver (125 ml) was synthesized in a similar way after the
driver-adapter was ligated to the product of SSH2/2.
One microlitre tester (50 ng) and 100 ml driver (5 mg) for
NSC were puriﬁed together in 2 ml NSC buffer (10 mM EPPS,
pH8;1mM EDTA; 0.5M NaCl) and coveredwith mineraloil.
After denaturation at 99 C for 5 min, the hybridization was
carried out at 67 C for 10–12 h. The reannealed products were
puriﬁed and then treated with 5 U of mung bean nuclease at
37 C for 30 min in a total volume of 20 ml. One microlitre of
the treated DNA was diluted with 40 mlo fH 2O to serve as a
template for the PCR (35 cycles of 95 C for 30 s, 68 C for 30 s
and 72 C for 90 s) to examine the subtraction efﬁciency and
the remainder was puriﬁed for the next hybridization. The
hybridization and the treatment with mung bean nuclease
steps were repeated for another two rounds.
The speciﬁcity of the reampliﬁed subtracted product was
veriﬁed by Southern blot, in which the product was labelled
with Digoxigenin-11-dUTP (1 ng/ml) by random priming and
hybridized to the original tester and driver cDNAs (1 mg each)
in parallel. The subtraction product was also cloned with the
TOPO TA Cloning Kit for Sequencing (Invitrogen). Fifteen
randomly chosen clones were then processed for the isolation
of plasmids. One nanogram of each plasmid were dotted to
nylon membranes and hybridized to the original tester or
driver cDNAs labelled with Digoxigenin-11-dUTP. Samples
of 50 pg of unlabelled tester and driver cDNA were also
blotted to the nylon membranes to serve as positive controls
for the hybridization. The inserts were then characterized by
sequencing, with Sp6 as a sequencing primer.
Evaluating the sensitivity of the combined technique
The sensitivity of the combined technique was evaluated with
a DNA fragment from the E.coli genome as an artiﬁcial target,
which is not present in Solanum. It was ampliﬁed by PCR with
the primers 50-CGACGCTCACACCGATACCATC-30 and
50-CCATACCTGTTCACCGACGACG-30.TheresultingPCR
product containing two Mbo1 restriction sites was cut by
Mob1 and separated in a 0.8% agarose gel. The 244 bp middle
part between the two Mbo1 sites was isolated from the gel and
quantiﬁed with a photometer. Samples of 0, 2, 10 or 50 pg of
this fragment were spotted to each microgram of Solanum
cDNAs to generate artiﬁcial testers. We assume the cDNA
of a typical plant gene is between 2 and 3 kb and, when it is
digested with Mob1, generates 10 different target sequences
in average. Therefore, these artiﬁcial testers with 0, 2, 10
and 50 p.p.m. of the artiﬁcial target fragment correspond
to target gene concentrations of 0, 20, 100 and 500 p.p.m.
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RESULTS
Development of NSC based on DSC
DSC is intended to convert ampliﬁable tester sequences into
non-ampliﬁable driver sequences by repeated hybridization of
testers and drivers that are attached to different adapters and
the degradation of the tester-adapter in hetero-hybrids. The
result was reported to be a double exponential elimination of
ampliﬁable (background) sequences in the testers which have
counterparts in the drivers, while preserving the target
sequences.
We attempted to repeat a DSC experiment, in which 5 ng of
lambda fragment attached to the tester-adapter were reported
to be completely subtracted by 500 ng of the same fragment
attached to the driver-adapter in three rounds of DSC. This
result was not reproducible in our hands: after DSC the tester
remained intact.
We hypothesized that DSC in its published version might
have some weakness because of its adapters. Degradation of
the tester overhangs in hetero-hybrids is essential for efﬁcient
subtraction with DSC, but the tester overhangs in its hetero-
hybrids are 24–28 bp (24 bp fromthe adaptersand 0–4 bp from
the sticky ends depending on the restriction enzyme used)
long, and they will form stable double-stranded DNA with
their complementary sequences from other hetero-hybrids
and are therefore no longer accessible to single strand-
speciﬁc mung bean nuclease. To test this hypothesis, we modi-
ﬁedthe adapter design accordingtothefollowingcriteria: ﬁrst,
the adapters/primers must be long and speciﬁc enough for
PCR; second, the tester overhang in hetero-hybrids, which
is identical to the non-complementary part of the tester-
adapter to the driver-adapter, must be short enough to remain
single-stranded during mung bean nuclease treatment; and
third, the remaining part of the tester-adapter in the hetero-
hybrids after mung bean nuclease treatment should be short
enough to prevent the tester-primer from annealing during the
PCR for the examination of the subtraction efﬁciency. The
NSC adapters/primers were designed to fulﬁl these criteria:
they are only 23 bp long and consist of a common sequence of
12 bp at the ligation end and a speciﬁc sequence of 11 bp.
We call this subtraction method with novel adapters/primers
NSC (Figure 1), in that its development was inspired by the
idea of DSC.
NSCwas testedindirectcomparison toDSC.Althoughboth
methods in principle differ only on their adapters/primers, an
efﬁcient subtraction was achieved only by NSC, but not by
DSC. In the NSC product, the tester is completely subtracted
and no longer reampliﬁable by PCR, whereas still intact, PCR
ampliﬁable tester sequences exist in the DSC product.
Repeated experiments on three different targets produced con-
sistent results. A representative picture for the functionality of
DSC and NSC is shown in Figure 2. During NSC the subtrac-
tion is progressive, Luo et al. (6) described this progress bril-
liantly in a mathematical model. But the effect of the
progressive subtraction cannot be seen in Figure 2, because
a classical qualitative, instead of a quantitative, real-time PCR
was used to amplify the remaining tester.
Detection of differential gene expression in highly
complex eukaryotes with SSH/NSC
Theideatocombine SSHandNSCevolvedafter consideration
of the shortcomings and advantages of both methods. On one
hand, SSH enriches target sequences dramatically, but it is still
not efﬁcient enough to directly isolate differentially expressed
genes from highly complex eukaryotes. On the other hand,
NSC is an efﬁcient subtractive method, but its sensitivity
Figure 1. Flow chart of NSC. Tester and driver are attached to adapters which
consist of a specific and a common sequence, then subjected to hybridization.
The specific part of the tester-adapter in hetero-hybrids is short enough to
remain single stranded and can be degraded by mung bean nuclease. For
progressive subtraction, the steps of hybridization and mung bean nuclease
treatment are repeated.
Figure 2. ApplyingDSCandNSCona lambdafragment.Efficientsubtraction
was achieved only by NSC, but not by DSC: 5 ng Lambda/HindIII fragment
attached to the tester-adapter was subtracted with 500 ng of the same fragment
attached to the driver-adapter. Lanes 1 and 8, Lambda/HindIII + EcoRI mar-
ker;lanes2–4,PCRreamplifiedproductwiththetester-primerafter1–3rounds
of DSC; lanes 5–7, PCR reamplified product with the tester-primer after 1–3
rounds of NSC.
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for the function of NSC, can also degrade double-stranded
DNA, thereby causing the loss of target sequences of lower
abundance. Therefore, both methods were combined for the
detection of differentially expressed genes in highly complex
eukaryotes, with SSH applied ﬁrst to enrich the target and then
NSC to further eliminate the remaining background. Because
they both are equipped with different adapters, between both
subtraction procedures a step of adapter exchange is required.
With Solanum cDNAs, the combined technique SSH/NSC
was shown to be able to directly identify the differentially
expressed genes in highly complex eukaryotes. When run
on a gel, the subtraction products were visible as distinct
DNA fragments (Figure 3A). These products were then
used as a probe to hybridize on cDNAs of the tester and
the driver. Distinct hybridization signals were seen only on
the tester cDNA (Figure 3B).
The subtraction product was also cloned and plasmids of
ﬁfteen randomly chosen clones were dot-blotted to nylon
membranes, before hybridized to the original tester or driver
labelledwithDigoxigenin-11-dUTP.All15cloneswererecon-
ﬁrmed to be speciﬁc for the tester by dot-blot (Figure 3C).
These clones were also characterized by sequencing. Four,two
and four clones turned out to carry sequences highly homo-
logical to plant proteins xyloglucan endo-transglycosylase,
serine/threonine kinase and At5g13260, respectively. Two
clones carried sequences coding for other putative proteins
and the remaining three clones carried uncharacterized
DNA sequences.
The combined technique turned out to be more sensitive
than SSH alone (Figure 4). With SSH alone, the lowest
target gene concentration that could be detected directly with-
out tedious screening was 500 p.p.m. With the combined
technique, it was possible to directly detect a target gene at
100 p.p.m.
DISCUSSION
The idea of ‘negative ampliﬁcation’, in which tester sequences
are converted to counterpart driver sequences, was new when
published in 1999. But the DSC approach turned out to be not
reproducible by us. We tried and failed to employ this system
and we hypothesized that the DSC might have weaknessdue to
the construction of the adapters. We designed new adapters/
primers to make the subtraction system more robust and called
the resulting method NSC, with reference to its DSC-inspired
development.
With SSH and NSC, differential gene expression can be
analysed in a fast, robust and sensitive manner. It takes less
than two weeks to apply this combined technique to success-
fully identify differentially expressed genes in Solanum.
Because of its sensitivity, the combined technique is a signi-
ﬁcant improvement in comparison to SSH, the only com-
mercially available method for transcriptome subtraction.
With Solanum as a model organism, we have shown that
the combined technique is capable of directly identifying
differentially expressed genes of two different plants. With
SSH the problem of false positive occurs, in which subtrac-
tion products of highly complex eukaryotes contain many
Figure3.(A)DetectionofdifferentiallyexpressedgenesinSolanumwithSSH/
NSC. Lane 1, Lambda/HindIII + EcoRI marker; lane 2, cDNA of plant 1, cut
withMbo1;lane 3,cDNAofplant2,cut withMbo1;lane4,NSCtester;lane5,
NSC driver; lanes 6–8, PCR reamplified products after 1–3 rounds of NSC.
(B) Southern blot analysis of the subtracted product. The final product after
transcriptome subtraction was labelled with Digoxigenin and hybridized to
the original tester (lane 1) and to the original driver cDNA (lane 2) cut by
Mbo1. (C) Dot blot analysis of the cloned subtracted product. Plasmids of
15 randomly chosen clones were blotted on the nylon membrane and hybrid-
ized to the labelled driver cDNA (Hyb1) or the labelled tester cDNA (Hyb2).
Arrows point to positive controls of the hybridization.
Figure 4. Sensitivity of SSH and SSH/NSC. With the combined technique,
it was possible to detect an artificial target gene of 100 p.p.m., whereas
with SSH only a target of >500 p.p.m. was detected directly. Lane 1, Lambda/
HindIII + EcoRImarker;lanes2–5,PCRproductforthecontrolontheligation
success between the tester-adapter and testers (with 0, 20, 100 or 500 p.p.m.
artificial target); lanes 6–9, SSH-products from testers with 0, 20, 100 or
500 p.p.m. artificial target; lanes 10–12, SSH/NSC-products from testers with
20, 100 or 500 p.p.m. artificial target.
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of the combined technique to detect differentially expressed
genes, 100 p.p.m, is just the expected concentration of mRNA
of the middle abundance class in highly complex eukaryotes
(8). With SSH, it is only possible to directly detect differen-
tially expressed genes of the highest abundance class, whereas
with the combined technique sequences in the middle abund-
ance class, to which most of the differentially expressed genes
are expected to belong (9), can also be identiﬁed directly. This
sensitivity is comparable with that of another SSH helper
called mirror orientation selection (MOS) (10). In addition,
MOS seems to be slightly easier to perform because only
one round of subtraction is applied. On the other hand,
NSC produces less false positive clones, because the progress-
ive subtraction was applied for more rounds. Although our
experiments were carried out on Solanum, this combined
technique is expected to be suitable for the analysis of the
differential gene expression in other highly complex euka-
ryotes as mammalians, whose genome complexity is compar-
able or lower than that of potatoes. In principle, this combined
method can identify any target. All adapters/primers applied
(also during cDNA synthesis) are equipped with the recogni-
tion sequence of the same restriction endonuclease, therefore
every complete cDNA molecule contains at least two of these
recognition sites, which makes every cDNA prone to digestion
with the restriction enzyme.
Recently, microarray techniques came up and are now
widely used to detect differential gene expression. Not to
deny their many advantages, these techniques are expensive,
for many organisms not yet standardized. The main advantage
of the combined technique with SSH/NSC is its ability to
isolate differentially expressed genes quickly and cost-
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